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Abstract

It is today widely acknowledged that nerve repair is now more than a matter of perfect microsurgical
reconstruction only and that, to further improve clinical outcome, the involvement of different scientific
disciplines is required. This evolving reconstructive/regenerative approach is based on the interdisciplinary
and integrated pillars of tissue engineering such as reconstructive microsurgery, transplantation and
biomaterials. In this paper, some of the most promising innovations for the tissue engineering of nerves,
emerging from basic science investigation, are critically overviewed with special focus on those approaches
that appear today to be more suitable for clinical translation.

Keywords: nerve reconstruction, tissue engineering, cell and tissue transplantation, gene therapy,
biomaterials, peripheral nervous system, microsurgery, artificial hollow tubes, muscle-vein-combined tubes,
non-nervous guides, neural regeneration

Research Highlights

(1) The most promising innovations for nerve repair and tissue engineering are reviewed and
discussed critically with special focus on those approaches that appear to be suitable of clinical
translation and spread among surgeons in the near future.

(2) Itis expected that in the forthcoming years, a number of new regenerative tools will enrich our
possibilities for repairing the damaged peripheral nerves, making nerve reconstruction no more
only a matter of microsurgical repair, but rather an integrated regeneration strategy based on the
contribution of several different scientific disciplines.

Abbreviations

CNS, central nervous system; PNS, peripheral nervous system

INTRODUCTION

Although in the adult central nervous system (CNS) some potential for neurogenesis (in the gray matter) and
axonal regrowth (in the white matter) exists, the response to stimulation (neuroplasticity) and injury
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(neuroregeneration) in the CNS is mainly based on a synaptic reorganization of the existing/surviving
neurons and nerve fibers to cope with the new environmental conditions. By contrast, in the adult peripheral
nervous system (PNS), adaptive neuroplasticity and axonal regeneration potential is much higher[1,2] and is
at the basis of the usually higher degree of recovery after peripheral nerve trauma (in comparison to CNS)
provided that the continuity of the nerve is either maintained or, if lost, adequately reconstructed[3,4].

However, complete recovery is only occasionally achieved after a nerve lesion and in many cases the clinical
outcome is frankly unsatisfactory[5]. The lack of optimal clinical outcome thus represents the rationale for
further in-depth investigation aimed at identifying new effective strategies which might improve nerve
regeneration and, eventually, functional recovery after nerve reconstruction, especially in case of severe
nerve lesions. Today, there is a growing consensus that further improvements of peripheral nerve repair and
regeneration are no more a matter of developing new microsurgical tools and techniques, but rather a matter
of a multi-translational regenerative medicine approach aimed at reaching a new level of innovation which
brings together the various disciplines of tissue engineering[6]. In this review, we will focus on some of the
most promising innovations emerging from recent advancements originating from basic science research and
that appear to be close to jumping to clinical employment.

MICROSURGICAL RECONSTRUCTION

Although other disciplines have enriched the world of tissue engineering, the microsurgical act still plays a
key role in peripheral nerve reconstruction. This is true not only because microsurgery represents a key link
in the chain which connects innovative research to the development of new treatment strategies to the patient
but also because the role of the microsurgeon is fundamental in the proper design of the basic science
experiments. The involvement of microsurgeons in all stages of study design helps in optimizing the entire
research and development process and, eventually, facilitates the reaching of the ultimate translational and
clinical goals[6].

Microsurgical techniques for nerve reconstruction, which find their roots in ancient times[7] have much
improved over the last fifty years[5] and today direct suture for repairing a damaged nerve can be performed
in many trauma centers worldwide. Besides end-to-end neurorrhaphy, among the other microsurgical
techniques that have been successfully introduced to the clinical practices, particular mention is deserving to
nerve transfers[8,9,10] which have a great spread over the last few years and have significantly increased the
range of surgical options in the reconstruction of very severe nerve traumas such as brachial plexus lesions.
Another technique that is slowing spreading among surgeons is direct muscle neurotization, i.e. the direct
implantation of motor nerve fascicles in a denervated skeletal muscle. This technique prevents muscle
atrophy and may allow partial degree of motor recovery and it is thus used particularly after severe traumas
when no other option of nerve reconstruction is possible[11,12].

The history of the last decades tells us that progress in nerve reconstruction technique might derive not only
from completely new methods but also from revisiting and/or modifying an old (and maybe abandoned)
technique, rather than by a complete innovation. End-to-side neurorrhaphy is a clear example. When
experimental and preliminary clinical experiences using end-to-side nerve repair were reported by Viterbo
and co-workers in early nineties[13], it was considered a great innovation in nerve microsurgery. However, it
was then reported that a similar technique was already described, both in experimental models and with
patients, in the eighteen century[14]. Although studies in experimental animals have shown the effectiveness
of this technique for nerve reconstruction[15,16,17,18], its clinical use is still below expectations. It appears
thus that more basic science data (elucidating the mechanisms that regulate lateral axonal sprouting and
describing effective additional strategies for promoting the regeneration process) is needed before clinical use
of end-to-side neurorrhaphy might spread among nerve surgeons.

Besides the discovery and/or re-discovery of new microsurgical approaches, technical advances in nerve
repair might still be expected based on the development of new technologies. Two innovations appear to be
in the pipeline for being spread in the clinical practice based on the very good results obtained in
experimental research.

The first is the use of glue, instead of nerve micro-suturing, the clinical employment of which is still very
limited. However, a body of experimental studies indicate that the performance of glue is equal, if not
superior, to micro-suture[19] and it may be predicted that its use will continuously grow in the future
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considering also that it may represent an important alternative to suture repair especially in the setting of a
surgeon relatively inexperienced with microsurgery[20].

The second is robot-assisted microsurgery. Although robotics has recently spread over many surgical fields,
its use in peripheral nerve surgery is still low and basically limited to urology-related
reconstructions[21,22,23]. However, it can be expected that once robot-assisted technologies become simpler
and cheaper it will spread much more among peripheral nerve surgeons since results from experimental
studies are encouraging[24].

TRANSPLANTATION

Transplantation strategies are progressively evolving from whole organ transplantation to more sophisticated
forms of tissue engineering based on the employment of only parts (tissue transplantation), or even single
cellular (cell transplantation) or sub-cellular constituents (gene transfer), of an organ.

In the case of peripheral nerve substance loss requiring transplantation, the present gold standard strategy is
represented by the transplantation of an autologous nerve segment taken from another “less precious
nerve”’[5]. This technique finds its roots in the pioneering work of Hanno Millesi who, in the early
1970s[25,26], showed that grafting an autogenous nerve segment to bridge a nerve defect is much better that
suturing the nerve stumps under tension and opened the possibility to successfully treat a number of complex
nerve lesions that before were almost not treatable at all.

Several other transplantation approaches are being tentatively translated to the patient.

A very promising emerging transplantation approach using processed nerve allografts is receiving much
attention because of the ability of these conduits to bridge large nerve defects[27,28]. Allografts are prepared
from donated human peripheral nerve tissue by a process that selectively removes cellular components and
debris and induces pre-wallerian degeneration to cleave growth inhibitors. Very recently[29], the results of
the first large scale clinical trial have been published showing that this reconstructive approach performed
well in sensory, mixed and motor nerve defects between 5 mm and 50 mm leading to a functional recovery
comparable to traditional nerve autograft and higher than non-nervous guides. Thus, although their high
costs raise concern, processed nerve allografts for nerve gap reconstruction hold promise as a successful
alternative to traditional nerve autografts.

Another interesting approach is represented by the use of veins for bridging short nerve defects. This
technique had been introduced as early as 1909 by Wrede[30] who reported functional recovery after
repairing the median nerve by means of a 45-mm-long vein tube. The interest in this surgical technique
revived with the clinical studies by Walton ef a/[31] and Chiu and Strauch[32] who showed that sensory
nerve repair by vein autografts may lead to satisfactory return of sensibility comparable to the nerve grafting
technique and, since then, vein conduits have a discrete spread among nerve surgeons[33].

However, their effectiveness is limited to short-gap repair because long vein segments tend to collapse[6].
Thus several authors have explored the possibility of filling up vein tubes with other tissues, the most
promising approach being the use of skeletal muscle fibers[34]. This muscle-vein-combined technique for
nerve reconstruction has been extensively investigated in experimental models[6,35,38] and papers reporting
on its successful clinical employment in both sensory and mixed nerves (also in cases of gaps longer than 30
mm) have already been published[39,40,41,42]. It can thus be expected that its use in patients will increase
over the next several years.

Also the use of skeletal muscle autografts alone has been explored[43,44] and several authors have also
proposed to perform predegeneration of the muscle fiber in order to avoid the presence of impeding
material[45].

Although the published clinical studies showed that this technique can work well in patients[46,47,48], it did
not spread among nerve microsurgeons and it appears that nowadays it is almost abandoned.

In more recent years, cell transplantation has attracted much attention also in peripheral nerve reconstruction.
Among the various cell types that have been investigated, there are great expectations for Schwann cells[49]
since these cells are known to play a major role in promoting peripheral nerve regeneration[3]. The other cell
type that has received particular attention among nerve regeneration researchers is mesenchymal stem cells
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since they can be easily obtained from the same subject and can be expanded in culture offering a potentially
unlimited source of cells for tissue engineering[50]. They can be derived from various stem cell niches in
adult tissues such as bone marrow, adipose tissue, umbilical cord blood, and tooth pulp[51]. The
demonstration that, in vitro, they can be differentiated in Schwann cells[52,53] and that when transplanted in
the injured peripheral nerve can be effective in promoting nerve regeneration open very interesting
perspectives in the view of clinical employment. However, no clinical trial has been carried out since safety
issues still raise some concerns that should be properly addressed before translation to patients. The same is
true for gene transfer for local growth factor delivery[54,56]. This approach holds great promises based on
studies in animal models that have shown that peripheral nerve regeneration can be improved by transferring
single genes (e.g. fibroblast growth factor 2) directly into the nerve and/or into Schwann cells[57,58]. Since
the new generation of viral vectors (especially adeno-associated vectors) have been shown to be safe[55], it
can be expected that gene transfer-based strategies for nerve regeneration promotion might be translated to
patients earlier than cell transplantation-based strategies.

BIOMATERIALS: ARTIFICAL NERVE PROSTHESES

The investigation on the use of biomaterials for peripheral nerve repair has un doubtfully seen a tremendous
expansion over the last 15 years and an enormous body of experimental research has been published[59]. Up
to now, several artificial peripheral nerve substitutes have been translated to clinical employment[60]. In all
cases so far, nerve prostheses for clinical applications are represented by hollow tubes. Although the
employment of artificial hollow tubes for nerve reconstruction has proven to lead to successful functional
recovery in selected clinical cases, it appears that surgeons are now waiting for a new generation of nerve
guides that may guarantee similar (or even better) results in comparison to traditional nerve autografts.

The considerable progress in material science of the recent years[59] has stimulated the design and
experimental testing of a considerable number of new nerve guides[61,62]. While biomaterials for tissue
engineering can be classified using various parameters[59,62], we propose a simple three-category
classification which, in our opinion, fits well with the three main generations of biomaterials that have
signified scientific and technological progress in nerve reconstruction approaches.

The first generation is represented by non-absorbable synthetic materials. The first, and unsuccessful,
attempts to implant synthetic conduits (made of polyethylene, polyvinyl, rubber, tantalum metal) for bridging
anerve gap in patients were reported in the middle of the past century[63,64]. More recently, the extensive
work of Dahlin and Lundborg showed the effectiveness for short gaps of silicone tubes[65,66]. Among the
other attempts to use nonabsorbable tubes in patients, expanding polytetrafluoroethylene led to satisfactory
functional outcome in upper extremity nerve defect repair[67] while Gore-Tex led to poor results for
reconstruction of inferior alveolar and lingual nerves[68].

The second generation is represented resorbable synthetic materials that have been developed since an
employment of nonresorbable synthetic material might lead to complications due to local fibrosis, triggered
by the implanted material, and nerve compression[69]. Among the first materials adopted and by far the one
that has seen higher clinical employment is polyglycolic acid[40,70,71].

However, concerns have been raised as to the possibility of foreign body reaction, thus opening the door to
the third generation that is represented by resorbable biomimetic materials that are made of substances that
are derived from animal tissues and thus are expected to better integrate with the biological tissues of the host
patient. Within this category, chitosan, a partially deacetylated polymer of acetyl glucosamine obtained from
chitin, attracts considerable attention among basic and clinical scientists because of its strong effectiveness in
promoting nerve regeneration as well as its high biocompatibility and biodegradability, and its low toxicity
and cost[72,73,74].

CONCLUSION

Clinicians agree that although considerable progress has been achieved over the last decades, the clinical
outcome after peripheral nerve injury and repair is still far from being satisfactory for most patients[5].

This evidence calls for more basic science on nerve regeneration as well as for optimized translation of basic
science results towards clinical applications. In this paper, we have overviewed some of the most promising
new approaches for nerve repair and regeneration that are emerging from basic science results and that might
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be suitable for clinical translation and spread among reconstructive surgeons in the near future.

What is needed to achieve better functional outcome after nerve reconstruction? Various factors can hinder
optimal clinical outcome in patients including limited number of regenerating axons and failure to achieve a
sufficient length of axon regeneration and/or a sufficient degree of myelination. In addition, impairment of
proximal neuronal circuitries (motor and sensory) and of peripheral targets (muscle fibers and sensory
receptors) might also interfere with overall functional recovery.

Therefore, although microsurgical techniques for nerve reconstruction have reached a high level of
effectiveness and reliability today, it is clear that further improvement to nerve repair will not only depend on
the implementation of the surgical techniques but rather on their combination with other synergistic
regeneration strategies. Yet, future progress in nerve tissue engineering will most probably not develop from
the optimization of a single regenerative strategy but rather from the optimized combination of different
strategies. An interdisciplinary approach appears thus to be the main challenge in peripheral nerve repair and
regeneration and it is expected that it might lead to significant clinical advances in the forthcoming years.

Footnotes
Funding: This study was supported by San Paolo Bank Foundation and Piemonte Region.
Conflicts of interest: None declared.
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